Dipolar dissociation processes in the electron collisions with carbon monoxide have been studied using time of flight (TOF) mass spectroscopy in combination with the highly differential velocity slice imaging (VSI) technique. Probing ion-pair states both positive and/or negative ions may be detected. The ion yield curve of negative ions provides the threshold energy for the ion-pair production. On the other hand, the kinetic energy distributions and angular distributions of the fragment anion provide detailed dynamics of the dipolar dissociation process. Two ion-pair states have been identified based on angular distribution measurements using VSI technique.
Introduction
Ion-pair states are generally superexcited states of molecules embedded in the ionization continuum. Such superexcited states can be accessed through photon or electron collisions with isolated molecules that in turn may dissociates into positive and negative ions. [1] Photoion pair formation has been studied quite extensively over the past few decades. [2] Main emphasis was to determine threshold energy for the process more accurately employing threshold ion pair production spectroscopy (TIPPS). [3, 4] However, detailed dynamics have been obtained in the recent times due to the availability of high resolution ion pair imaging spectroscopy (IPIS). [2, 5] On the other hand, in the electron collisions, the same ion pair states can be accessed and detailed dissociation dynamics can be obtained by probing fragment anion using high resolution velocity slice imaging (VSI) spectroscopy.
VSI technique has been successfully applied to study negative ion formation due to dissociative electron attachment (DEA) process. [6, 7, 8] The same technique has been extended here to study dissociation of the long-range ion-pair states of CO. Unlike DEA process, the anion formation due to dipolar dissociation does not proceed via resonant electron capture. [9] In the latter case, the incident electron transfers some energy to the molecule and excite it to ion-pair states that eventually dissociates into cation and anion. The ion-pair formation is possible as long as the excitation energy is equal and more than the asymptotic ion-pair dissociation energy. The minimum energy position of the ion-pair state usually far away from the equilibrium position of the neutral molecule in the potential energy curve formalism. The ion-pair state may be accessed via direct excitation or indirectly through predissociation of an initially excited Rydberg state of the neutral molecule. The indirect mechanism is more commonly applied in the studies of photoion pair formation. [2] The detection of ion pair provides information on the electronic structure of a molecule and the dissociation dynamics of its exited states. For electron collision studies, both direct and indirect mechanism may be applicable as discussed in the present article. In electron collision with CO the ion-pair states can give rise to momentum matched anion and cation products, ei-1 ther C + and O − or C − and O + channels:
The ion pair formation from CO was reported by Vaughan [10] and Lozier [11] in the electron collision studies quite long ago. In the dipolar dissociation range, Lozier [11] observed equal intensity of C + and O − formation with threshold energy of 20.9 ± 0.1 eV. Successive studies by several groups [12, 13] also confirmed similar threshold energy. However, no kinetic energy and angular distribution data are available till now. In the current study, both C − and O − have been observed in the dipolar dissociation range. However, the count rate for C − is too low to perform any meaningful VSI study and is not reported in the present article. It is well accepted [11, 13] that the anion formation in the electron collision studies with reported primary electron energy range can only be possible through ion-pair states. Here, it is assumed that the O − ions are always accompanied by C + ions but to verify the claim conclusively a coincidence measurement is absolutely necessary. In this article, we first outline the method and provide detailed studies of the dipolar dissociation dynamics in the electron collisions with carbon monoxide (CO) using VSI.
Instrumentation
The O − ions produced due to dipolar dissociation are studied using highly differential time sliced velocity map imaging technique. The current experimental setup is similar to the previous report of Nandi et al. [14] with minor modifications as described by Nag and Nandi. [15] The same setup has been used to study the dissociative electron attachment to Cl 2 , [6] CO 2 [7] and CO [8] in the recent time. In brief, the experimental setup consists of an electron gun, a Faraday cup to measure electron current situated in the same axis, a needle of 1 mm diameter to produce effusive molecular beam and a time of flight (TOF) based velocity map imaging (VMI) spectrometer. The needle directed towards the detector is placed in the spectrometer axis and perpendicular to the electron beam axis. The basic theme of the experiment is the effusive molecular beam interacts perpendicularly with the magnetically collimated pulsed electron beam. As a result, ions are formed in the interaction zone that are pulsed extracted into the spectrometer and detected by a two dimensional position sensitive detector. The electrons are produced by thermionic emission and the energy of the electrons is controlled by a programmable power supply. Typical energy resolution of the electron beam is about 0.8 eV. The pulse width of the electron beam is about 200 ns and the repetition rate is 10 kHz. After passing through the interaction region the electrons are collected using the Faraday cup that measures the time averaged electron beam current. The VMI spectrometer is a three field time of flight (TOF) type mass spectrometer capable to map all the ions with a given velocity vector to a point on the detector irrespective of their place of birth. The detector consists of three micro channel plates (MCP) with Z-stack configuration and three layers delay line hexanode. [16] The TOF of the detected ions are determined from the back MCP signal [15] whereas the x and y positions of the ions are calculated from the three anode layers of the hexanode placed behind the MCPs. The TOF (t) and (x, y) position of each detected ions are stored in list-mode format (LMF) using the CoboldPC software from RoentDek. The experiments are performed under ultra high vacuum condition with base pressure as low as 10 −9 mbar and 99.9% pure commercially available CO gas.
To obtain the ion yield curve a different set of data acquisition system has been used. Only the MCP signal is used for this purpose. The MCP signal is first amplified by a fast amplifier and then fed to a constant fraction discriminator (CFD). The output of CFD is fed to STOP of a nuclear instrumentation module (NIM) standard time to amplitude converter (TAC) and the START pulse is generated by a master pulse which is synchronized with the electron gun pulse. The time difference between this START and STOP is the TOF of the O − ion. The output of the TAC is connected to a multichannel analyzer (MCA, Ortec model ASPEC-927). Finally, it is communicated to a computer via USB 2.0 interface used for data acquisition. Our own LabVIEW based data ac-quisition system [15] is used to obtain the mass spectra and the ion yield curve.
When the electrons are collied with the molecule, 'Newton Sphere' of ion is formed. One can obtain the angular distribution information from the projection of the 'Newton spheres' onto a two-dimensional position sensitive detector. Ions with higher kinetic energy will fall onto the detector with bigger diameter. In the current experiment, a moderate pulsed extraction field is applied and negative ions are extracted from the source region of the spectrometer. The extraction pulse duration is 2 µs and applied 100 ns after the electron beam pulse. This delayed extraction provides sufficient time to expand the 'Newton Sphere ' so that we can obtain better time sliced images and also prevent the electrons from reaching the detector. The aim is to obtain the central slice of the Newton sphere containing the kinetic energy and angular distribution information of the detected ions. To obtain the central slice a suitable time window has been selected during offline analysis using CoboldPC software. These sliced images contain the ions ejected in the plane parallel to the detector and containing the electron beam axis. The typical full width at half maximum (FWHM) in TOF of the O − is about 500 ns and a 50 ns time window has been selected for slicing purpose. For low energy ions a thiner slice (25 ns) may be less erroneous. The electron energy calibration has been done using the resonant peaks of O − /O 2 at 6.5 eV and the O − /CO at 9.9 eV. [17] The calibration for the kinetic energy distribution measurements have been performed using the kinetic energy released by O − /O 2 at 6.5 eV. [18] Further, this energy calibration has been checked by measuring the kinetic energy of O − ion produced by dissociative electron attachment to CO 2 [19, 7] at 8.2 eV.
Results and Discussion
Fig . 1 shows the ion yield curve of the O − ions produced from CO due to 0-45 eV energy electron collisions. The ion yield curve is in good agreement with previous report. [17] A resonant peak at 9.9 eV due to dissociative electron attachment (DEA) is observed. The detailed DEA dynamics have been recently studied and reported elsewhere. [8] Increasing the electron energy revealed an access to the dipolar dissociation (DD) process that results the feature observed in the O − ion yield curve. The main focus of the present study is to understand the detailed dynamics occurring at the DD region, i.e., the process beyond 18 eV incident electron energy. In Fig. 1 , the arrows indicate the electron energies at which the VSIs are taken. In the following the threshold behaviour of the DD process seen in the ion yield is discussed within the limited energy resolution. The kinetic energy and angular distribution data extracted from VSI of the negative ions formed due to DD process are analysed thoroughly. Fig. 2 shows the ion yield curve around the threshold of the DD region. Due to the finite energy resolution of the electron beam instead of being sharp, the curve gets smooth near the threshold value. From the experimental data the appearance energy of the anions is found to be near 19.8 eV. The appearance energy for the DD process can be calculated using the accepted values of the thermochemical parameters.
[20]Using the conservation of energy, one can write the following expression for the DD process as,
where V e is the amount of energy transfer from incident electron to molecule, E i is the energy associated with the possible excited states of the cation, D is the bond dissociation energy, IP is the ionization potential of carbon atom and the electron affinity of oxygen atom is A. The E 1 and E 2 are the kinetic energy associated with the C + and O − ions, respectively, at threshold both E 1 and E 2 are zero. Assuming both C + and O − ions are formed in ground state, [21, 11, 12] i.e. E i = 0 the threshold can be calculated using the expression
Using the values for thermochemical parameters [20] threshold energy for DD process of CO molecule can be obtain as 20.8 eV. Within the experimental uncertainties the observed threshold value 19.8 eV matches well with the thermochemically obtained value. The minor deviation could be due to the contact potentials and finite resolution of the primary electron beam. The time sliced velocity map images for different incident electron energies as indicated are shown in Fig. 3 . The kinematically complete information about the DD process can be obtain from these images. For the ion pair formation process, both anion and cation are formed. Images may be taken for either the cationic or anionic fragments as the conservation of linear momentum dictates that they both contain same information. In the present study only the anionic fragments are consider since it gives lower background and conclusive indication of the ion pair formation while cation may arise form other processes as well. Fig. 3 (a) -(e) represent the velocity slice images (VSI) of the fragment anions taken at 25, 30, 35, 40 and 45 eV incident electron energies, respectively. Notice that all these images are taken with a constant time window of 50 ns width through the center of the respective Newton's spheres. Fig. 3 (f) displays the same velocity slice image as Fig. 3 (d) each image and from left to right as indicated by an arrow. Close inspection of each image shows a maximum intensity at the center and a ring pattern with larger diameter signifying the production of ions having two kinetic energy bands. The diameter of central pattern as well as annular pattern remain almost unchanged with increasing incident electron energy. These observations indicate two different mechanisms for the ion pair formation.
The kinetic energy distributions of the O − ions have been extracted from the above sliced images and are shown in Fig. 4 . The distributions have been normalised near zero eV. One strong peak near zero eV followed by another broad band between 0.7 to 2.0 eV are observed. In order to obtain a better perspective of the second kinetic energy peak, the region 0.5 to 2.5 eV, in Fig. 4 , has been magnified by 5 times. Low and high kinetic energy bands arises in the kinetic energy distribution can be explained by the formation of indirect and direct ion pair process respectively. For the low kinetic energy bands the molecule first excites into a Rydberg state which crosses the ion pair state near the ion-pair dissoci- ation limit. This results the predissociation of the Rydberg state via the ion pair state. In this case the dynamics of the ion pair dissociation is restrict by the degree of coupling between the initially excited Rydberg state and the ion pair state. The presence of low kinetic energy ions clearly indicate that the predissociation process occurs throughout the entire energy range. The higher kinetic energy band occurs due to the direct excitation to the ion pair state. The dynamics of the direct process is determined by the Franck-Condon factor. The initial increase of the kinetic energy with increasing electron energy is due to the access at different repulsive part of the ion pair state. One can calculate the appearance energy for the direct excitation to the ion pair state by calculating the total kinetic energy release by the molecule. From Fig. 4 it can be observed that the higher kinetic energy band centred at 1.5 eV. From conservation of energy and momentum the kinetic energy of C + ion accompanying a O − ion of 1.5 eV can be found to be 2 eV. Using the values in expression (2) one can obtain that nearly 24.4 eV energy is transferred from the incident electron to the molecule. So in the Franck-Condon transition region the separation between the ground state of CO molecule and the ion pair state is around 25 eV. The truncated shape seen at 25 eV clearly indicates that such an ion pair resonant state enters into the Franck-Condon transition region around that energy. From Fig. 4 it can be observed that the kinetic energy of the ions remains unchanged for both lower energy as well as for higher energy with increasing incident electron energy. The possible explanation for this behaviour is as the incident electron energy increases, the available energy for the system is increases. Which can turn on some other excitation and ionisation process but the ion pair production proceeds through the population of the very same excited states throughout the energy range. So from these observations one can conclude that for incident electron energy near threshold the ions are formed due to the indirect excitation process whereas, the direct excitation starts near 25 eV of incident electron energy.
The angular distribution of fragment O − ions coming from the ion pair formation process have been analysed for both the kinetic energy bands. The observed angular distribution from VSIs taken at indicated electron energies and within the O − kinetic energy range of 0-0.4 eV and 0.7-2.3 eV are shown in Fig. 5 and Fig. 6 , respectively. A 25 ns and 50 ns thin time slices have been considered for the angular distribution analysis for low and high kinetic energy bands, respectively. In a flat slicing technique for the ions with higher kinetic energy only a fraction of the entire 'Newton Sphere' is considered. But the entire 'Newton Sphere' contributes in the sliced images of low kinetic energy ions. [22, 23] In order to minimise this effect, thinner slices must be used for low kinetic energy ions. We used VSIs taken with 25 ns slice (not shown here) for the angular distribution of low energy ions. In the Figs. 5 and 6, symbols are the experimentally obtained data points and the solid curves are the fit-to-data using the model discussed below. All the data points have been normalised at 90
• . For low kinetic energy ions one dominant forward lobe and one backward lobe are seen whereas, for high kinetic energy ions one dominant forward lobe followed by two backward lobes are observed. However, the distribution becomes isotropic at the higher incident energies for both the cases. Similar results were observed previously by Van Brunt and Keiffer [24] and Nandi et al. [25] in the study of oxygen molecule in the dipolar dissociation region. The reduction of anisotropy in angular distribution with increasing electron energy could be explained with the similar argument as given by Zare. [26] In the study of angular distribution from electron impact dissociation of H + 2 ion, Zare concluded that the decreasing anisotropic nature is due to the K (momentum transfer vector) dependence on I(θ) which is more near threshold.
In order to obtain the symmetry of the ion-pair state(s) involved in the process, the angular distribution data have been fitted using the similar expression described by Van Brunt. [27] According to Van Brunt [27] , the experimental data can be fitted using the expression as,
This is similar with the equation derived by Zare. [26] Where K is the momentum transfer vector between the incident and scattered electron, κ denotes the product of the momentum transfer vector K and the distance of closest approach between the impinging electron and the center of mass of the molecule, j l 's are the spherical Bessel function, Y l,µ 's are the spherical harmonics and µ = |Λ f − Λ i |, where Λ i and Λ f are the projection of the electronic axial orbital angular momentum along the molecular axis for the initial and final states, respectively. The l is the angular momentum of the electron that is participating in the process. For hetero-nuclear diatomic molecules like the present case, l ≥ |µ|, whereas, for homo nuclear diatomic molecules, l values are restricted to only even or odd depending upon whether the initial and final states are of same or opposite parity. The summation over l takes care of the involvement of different partial waves. For a transition between two particular states for a given incident electron energy, the values of K and n are fixed and can be treated as parameters. Thus the angular distribution data due to the involvement of one or more than one final state(s) can be fitted using the expression as
Where a l 's are energy dependent weight factors for the different partial waves, and δ l 's denote the phase differences between each partial wave responsible for the transition with respect to the lowest one. The summation over µ takes care of the involvement of more than one ion-pair states in the process. In present case, we considered upto four lowest partial waves for each of the state involved. The solid curves in Fig. 5 and 6 represent the fitto-data using the expression (5). The ground state of the neutral CO molecule is 1 Σ + (Λ i = 0). The experimental angular distribution along with fits have been displayed in Fig. 5 (a, b, c) by considering only Σ, only Π and Σ + Π final state(s) and lowest four partial waves for the low kinetic energy ions. Similar data are displayed in Fig. 6 (a, b, c) for high energy ions. If we consider only Σ final state transition, the angular distributions are well fitted in the forward and backward directions but underestimate in the perpendicular direction. Similarly, if we only consider a Π final state transition, we underestimate in the forward and backward directions while angular distribution in the perpendicular direction fitted quite well. Finally, in order to obtain best fitted data, we need to consider both the Σ and Π final states transition. The above observations are applicable for both the low and high energy ions. However, we are unable to comment on whether same Σ and Π state are responsible for the two cases. The best fitted curve is shown in Fig. 5(c) and Fig. 6 (c) for low and high energy ions, respectively. The values of different parameters used in the fit function are enlisted in Table 1 and Table 2 with R 2 values for low and high energy ions, respectively. In both the Tables, a 0 , a 1 , a 2 , a 3 are the contribution of each partial wave for the transition to Σ state, b's are the contribution for transition to Π state and κ's are adjustable parameters. The observed forward-backward asymmetry may be explained in the light of permanent dipole moment as described by Hall et al. [28] in the DEA to CO. A Σ state contains a large negative dipole moment that favours backward peak in the angular distribution, whereas, a Π state contains a positive dipole moment favouring forward peaking. The relative contribution of these two states may explain the observed forward-backward asymmetry.
Conclusion
We have studied dipolar dissociation dynamics through ion-pair states of CO populated in electron collisions using velocity slice imaging, a well established method for dissociative electron attachment studies. The anion yield has been measured for threshold energy determination of ion-pair dissociation process. The threshold energy is in good agreement with previous reports. Velocity slice images have been taken at five different incident electron energies in the dipolar dissociation region. The kinetic energy and angular distributions have been extracted from the slice images. Low and high kinetic energy bands have been discussed using the indirect and direct ion pair formation process. A fixed kinetic energy release with increasing primary electron energy indicates that the molecule absorbs a fixed amount of energy from the incoming electron and that the rest of the energy is carried by the out going electrons. The truncated nature in the kinetic energy distribution at lower impact energy allow us to locate the position of the ion-pair states with respect to the ground state. Measured kinetic energy distributions clearly indicate that both direct and indirect ion-pair formation mechanism are responsible for the dipolar dissociation of CO. The angular distribution data strongly suggest the involvement of two ion-pair states in the studied electron energy range. The symmetry of these observed states are Σ and Π for both direct and indirect ion pair formation. We cannot conclude whether the same ion-pair states are involved or not in the direct and indirect ion pair 
